As influenza viruses have developed resistance towards current drugs, new inhibitors that prevent viral replication through different inhibitory mechanisms are useful. In this study, we developed a screening procedure to search for new antiinfluenza inhibitors from 1,200,000 compounds and identified previously reported as well as new antiinfluenza compounds. Several antiinfluenza compounds were inhibitory to the influenza RNA-dependent RNA polymerase (RdRP), including nucleozin and its analogs. The most potent nucleozin analog, 3061 (FA-2), inhibited the replication of the influenza A/WSN/33 (H1N1) virus in MDCK cells at submicromolar concentrations and protected the lethal H1N1 infection of mice. Influenza variants resistant to 3061 (FA-2) were isolated and shown to have the mutation on nucleoprotein (NP) that is distinct from the recently reported resistant mutation of Y289H [Kao R, et al. (2010) Nat Biotechnol 28:600]. Recombinant influenza carrying the Y52H NP is also resistant to 3061 (FA-2), and NP aggregation induced by 3061 (FA-2) was identified as the most likely cause for inhibition. In addition, we identified another antiinfluenza RdRP inhibitor 367 which targets PB1 protein but not NP. A mutant resistant to 367 has H456P mutation at the PB1 protein and both the recombinant influenza and the RdRP expressing the PB1 H456P mutation have elevated resistance to 367. Our high-throughput screening (HTS) campaign thus resulted in the identification of antiinfluenza compounds targeting RdRP activity.
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high-throughput screening | antiinfluenza | influenza NP | influenza PB1 | chemical genetics I nfluenza virus infections, commonly called "flu," can cause acute respiratory distress, resulting in morbidity and even excess mortality (1) . Vaccinations remain the principle prophylactics for controlling influenza infections. Other prophylactic and therapeutic antiviral drugs are needed as well especially during an outbreak and for people with weaker immune systems, such as children, elderly, or individuals undergoing other medical treatments (2, 3) .
Currently available drugs for influenza viruses are M2 channel blockers such as amantidine and rimantidine (4) , and neuraminidase inhibitors including Oseltamivir and Zanamivir (5, 6) . M2 channel blockers are inexpensive and readily available but are active only on influenza A strains; further, high percentages of circulating influenza strains have developed resistance to amantidine and rimantidine (7, 8) . Viruses that are resistant to the neuraminidase inhibitor Oseltamivir have also been reported since 2005 (9, 10), and currently greater than 75% of influenza H1N1 viruses in Norway and many other countries are resistant to Oseltamivir (11) . More surprisingly, the new 2009 H1N1 virus, also called S-OIV (Swine-Originated Influenza Virus), was susceptible to Oseltamivir initially (12) , but developed Oseltamivirresistant variants in 4 mo (13) . In addition to the neuraminidase and the M2, influenza polymerase has been considered as a promising antiinfluenza drug target because its mode of action is very different from the human RNA polymerases (14, 15) .
Our approach to identify new antiinfluenza compounds is to screen a large library of 1.2 million compounds for hits using a cell-based infection assay using a high-throughput system manufactured by GNF systems. The hits were further screened for compounds that inhibit viral yields by counting the number of infectious particles in a high-throughput mode. Among the hits that are inhibitory to viral replication, there are both known antiinfluenza agents and new inhibitors. A few of the identified hits are inhibitory in an influenza RNA-dependent RNA polymerase (RdRP) assay. One antiinfluenza compound, 3061 [recently named as FA-2 (16)], and structurally similar compounds with substituted isoxazolyl carbonyl piperazine skeleton, were active in the inhibition of influenza virus H1N1 (A/WSN/1933) (WSN) and the influenza RdRP activity both at submicromolar levels. Compound 3061 (FA-2) is structurally similar to nucleozin that was recently reported as an antiinfluenza inhibitor targeting the nucleoprotein (NP) because viruses with NP mutation Y289H are nucleozin resistant (16) . To understand the antiviral mechanism of 3061 (FA-2), we also studied resistant mutants and found that those with Y52H NP mutation are 3061 (FA-2) resistant. In addition, we have identified another antiinfluenza compound, 367 that targets the PB1 protein and its mutation at H456P has elevated resistance to 367 in both antiinfluenza and the RdRP assays. Characterization of the New Antiinfluenza Compounds Identified by HTS. Among the six new antiinfluenza compounds identified, there are four apparent chemical skeletons. We used the four compounds 581, 788 (Nucleozin), 367, and 1075 that have greater antiinfluenza activities for more detailed studies. One of the compounds, 788 (Nucleozin), was recently reported as a potent antiinfluenza inhibitor and was named Nucleozin (16) . These compounds markedly reduced the WSN H1N1 viral yields after a one-day treatment at 10 μM, and showed significant yield reduction at 1 μM (Fig. 1B) . We explored the inhibition activities of the antiinfluenza compounds using three additional assays: influenza neuraminidase, influenza entry using the pseudotyped virus expressing influenza hemagglutinin, HApp (17) , and the cell-based reporter assay for the influenza RdRP (18) . Except for the known neuraminidase inhibitors Oseltamivir and Zanamivir, no other compounds are inhibitory to the influenza neuraminidase activity. Similarly, we found none of the new antiinfluenza compounds inhibiting influenza entry at 5 μM or below using the HApp reporting system. The RdRP inhibitory activities of the antiinfluenza compounds were tested using the RdRP reporter assay employing 293 cells transfected with plasmids for the expression of influenza NP, PA, PB1, and PB2 proteins and the luciferase RNA in negative-sense orientation. The presence of functional influenza RNA-dependent RNA polymerase consisting of NP, PA, PB1, and PB2 can transcribe the negative sensed luciferase RNA into mRNA for the synthesis of the reporter luciferase. Fig. 1C shows that compound 581 inhibited the RDRP function almost completely at 10 and 3 μM and was less active at 1 μM. Compound 1061 that is structurally similar to 581 and a weaker antiinfluenza inhibitor is also a weaker inhibitor in the RdRP reporter assay. Compound 788 (Nucleozin), being the most active inhibitor, inhibited the RdRP activity at about 1 μM. Compound 367 is also inhibitory to the RdRP activity, although it is weaker. Finally, 1075 is a potent antiinfluenza compound; however, it is not an inhibitor of RdRP. To gain insights to the mode of action of these inhibitors, we selected inhibitor-resistant WSN viruses by propagating parental WSN virus in media containing increasing contents of these inhibitors. Fit and inhibitorresistant WSN variants were obtained that are resistant to 788 (Nucleozin), 1075, and 367 (SI Text and Fig. S4 ) suggesting that these three compounds most likely target influenza encoded gene products.
Results and Discussion
Antiinfluenza Properties of the 788 (Nucleozin) Analogs with Substituted Isoxazolyl Carbonyl Piperazine Structures. Since 788 (Nucleozin) is the most potent antiinfluenza compound, more analogs were collected from commercial sources for studies. Table 1 summarizes the antiviral assay results of these analogs against influenza viruses derived from WSN and several other laboratory influenza strains. Among the analogs, 3061 (FA-2) was found to be the most potent compound. The antiinfluenza activities of 3061 (FA-2) and other active analogs are roughly equal when tested against either Oseltamivir sensitive or the resistant WSN viruses that are different at the 274th amino acid of the neuraminidase protein as either the parental 274H or the Oseltamivirresistant 274Y. Compound 3061 (FA-2) is also active in inhibiting several other tested influenza A strains with varying IC 50 values (Table 1 ). Moreover, we tested ten Taiwan clinical H1N1 isolates that are either sensitive or resistant to Oseltamivir and found that 3061 (FA-2) at 5 μM completely block the replication of these H1N1 strains. In contrast, at similar concentrations, noticeable influenza yield reduction was not observed in the treatment using ribavirin (SI Text and S4 ) to study the mode of action of these compounds. All seven independently isolated 3061 (FA-2)-resistant WSN strains carry the same Y52H mutation of NP suggesting that NP may be the target of these compounds. Using reverse genetics, we rescued recombinant influenza viruses, rWSN(52Y) from transfected cells using plasmid constructs expressing all eight parental WSN genes and also rescued its isogenic recombinant virus, rWSN(52H), from similarly transfected cells except the NP construct was replaced with a plasmid for the expression of histidine at the 52nd residue of NP. Unlike the parental recombinant strain, rWSN(52Y), that failed to replicate in the presence of 3061 (FA-2), rWSN(52H) grew equally well with or without the presence of 3061 (FA-2) ( Fig. 2A) . Our genetic results thus strongly suggest that the antiinfluenza activity of 3061 (FA-2) is most likely targeting the influenza NP. While the resistant mutations found by Kao et al., are at Y289H (16), our WSN resistant mutants carry the Y52H NP mutation, as confirmed by studies on isogenic recombinant viruses. We observed that treatment of influenza infected cells with 3061 (FA-2) blocked the NP synthesis (Fig. 2B) , consistent with the efficient 3061 (FA-2) inhibition in the RdRP reporter assay (Fig. 1C) . To correlate the role of 3061 (FA-2) in inhibiting influenza replication, we compared the 3061 (FA-2) susceptibility of the reconstituted RdRP activities consisting of either the parental NP (52Y) or the mutant NP (52H) in the assay. (Fig. 2B) . The distinct responses of the 3061 (FA-2) treatments to the cells that were infected with the isogenic recombinant WSN viruses are striking. NP is a multifunction protein playing several roles in the life cycle of influenza infection. The apparent structural change of the parental NP protein by 3061 (FA-2) treatment could be very destructive to many NP involved functions resulting in the inhibition of the influenza replication. While both results by Kao et al. (16) and this report suggested that NP is the target of nucleozin or 3061 (FA-2), the conclusions were deduced from different NP mutations. We prepared additional NP mutant constructs and showed that similar to the mutational effects of Y52H, reconstituted RdRP with either Y289H or Y52H or double NP mutations are resistant to 3061 (FA-2) ( Table 2 and Fig. S7 ).
Possible Molecular Mechanism for the Interaction of 788 (Nucleozin)
and 3061 (FA-2) with NP. We then used analytical ultracentrifuge to verify the 3061 (FA-2) induced NP aggregation observed in infected cells (Fig. 2B ). As shown in Fig. S8A and SI Text, both compounds cause severe aggregation to the wild-type NP protein.
These results clearly suggest that binding of 788 (Nucleozin) or 3061 (FA-2) causes aggregation of NP, and that the binding and its effect probably involve a key residue Tyr52.
To provide a molecular explanation, we modeled the N-terminal region of the NP protein based on the reported NP structure (19) . It appears that the regions of the α2 loop, β1, and the β3 sheets are stabilized by the pi-stacking interactions involving Y52, R99, and Y313 residues. We surmise that compounds such as 788 (Nucleozin) or 3061 (FA-2) could insert between the residues R99 and Y52 or Y52 and Y313, disrupt the loop stability, and lead to the formation of oligomeric aggregates (SI Text and Fig. S8B ). It is conceivable that inhibitor induced NP structural change could have profound effects in the influenza life cycle. For example, the NP in aggregated form may be unable to enter the nuclei and may prevent the RNP formation for the production of viral particles (16) . In addition to having defective nuclear entry, structurally altered NP may have aberrant interaction with PB1, PB2, RNA, and several of its cellular binding partners affecting the mRNA synthetic activity of the RdRP, leading to 3061 (FA-2) inhibition of the RdRP reporter assay and prevention of the NP synthesis in infected cells.
We noticed that the antiviral activities of 3061 (FA-2) and 788 (Nucleozin) are not very potent to several influenza strains, particularly to A/Brisbane/10/2007 (H3N2) and A/California/07/2009 (H1N1) ( Table 1) . Looking into the NP sequences, we noticed that NP for A/Brisbane/10/2007 (H3N2) has a histidine at the 52nd residue, and that for A/California/07/2009 (H1N1) is 289H NP. The presence of a histidine at either the amino acid 52 or 289 may contribute the greater IC 50 values for 3061 (FA-2) or 788 (Nucleozin) against these two influenza strains. We also looked into the NCBI Influenza research database (http://www.fludb. org) on the reported NP sequences at these two amino acid residues. Among the reported 7,757 influenza NP sequences for strains reported in the periods of 2001 to 2010, the majority of the strains (58%) have tyrosine at both AA52 and AA289. About 13% of the strains carry 52H, and 27% of the collected influenza strains have NP sequences with 289H. Only 0.05% of these influenza strains have histidines in both amino acid residues. We recently prepared four recombinant influenza strains in WSN background different only at these two NP residues. All four viruses appear to grow well on MDCK cells (SI Text and Fig. S9 ) suggesting that replacement of either one or both tyrosines to histidines will not affect the NP functions but will reduce the susceptibility to nucleozin or 3061 (FA-2).
Antiinfluenza Activity of Compound 367 Targeting the Influenza PB1.
We compared the susceptibilities of the 3061 (FA-2)-resistant mutants to 367 and the 367-resistant mutants to 3061 (FA-2) and found that they are not cross-resistant to each other, suggesting that 367 and 3061 (FA-2) probably target different gene products (Fig. 3 A and B) . Sequence analysis of a 367 resistant isolate showed the H456P alteration in the PB1 gene. We used reverse genetics to construct a pair of isogenic recombinant influenza viruses differing only at the 456th codon of the PB1 protein. The recombinant WSN with parental PB1 sequence, rWSN(456H), is sensitive to 367 with measured IC 50 values between 0.3 to 1 μM. The IC 50 value of the recombinant isogenic virus, rWSN(456P), is greater than 100 μM (Fig. 3C) . The antiinfluenza activity of the 367 analog, 715, was measured against these two viral strains, and the determined IC 50 values were 3 μM and >100 μm, respectively. The inhibition of 367 to the RdRP reporter assay was also determined and found that the IC 50 value of the reconstituted RdRP consisting of the parental 456H PB1 subunit is 5.8 μM.
Reconstituted RdRP with the mutant H456P PB1 subunit contributes a sixfold increase in the IC 50 value at 36 μM (Fig. 3D) . The genetic studies of the 367 resistant viruses suggest that the antiviral activity of 367 is targeting the PB1 gene product, and the inhibition to the viral mRNA transcription contributes to the observed inhibition to influenza replication. We also referenced the NCBI data base for the identified PB1 mutations at the 456th codon. In contrast to the more frequent alterations at the 52nd and the 289th codons of the NP protein, H456P mutation was not found in the 7,653 influenza strains identified in the 2001 to 2010 period.
In conclusion, we developed an antiinfluenza screening strategy for a HTS campaign against a large compound library. We further established a high throughout virus yield reduction methodology to confirm hits that are inhibitory to influenza replication. The screening of a large library resulted in the identification of several classes of unique compounds that appear to inhibit influenza at different targets. Two of the identified antiinfluenza compounds inhibit influenza RdRP activities by targeting different subunit proteins. The compound 3061 (FA-2), an analog of the recently reported nucleozin, interacts with the NP, while the other antiinfluenza inhibitor, 367, prevents PB1 functions. Influenza RdRP is an enzyme with multiple enzymatic functions and it interacts with other viral and cellular proteins for the replication and expression of influenza genes (14, 20) . It is conceivable that RdRP could be targeted at many different sites. Our HTS campaign has resulted in the identification of two classes of inhibitors that are potent antivirals by targeting the NP and PB1 proteins. Optimization of these compounds could result in the development of new antiinfluenza agents.
Materials and Methods
Compounds. Compounds 3061 (FA-2) and 788 (Nucleozin) were purchased from ChemDiv. The purity was measured by analytical HPLC and the spectra were recorded at 260 nm. The purities of 3061 and 788 were 96% and 95%, respectively. (21) . MDCK cells were obtained from American Type Culture Collection and were grown in DMEM (Dulbecco's modified Eagle medium) containing 10% FBS and penicillin-streptomycin at 37°C under 5% CO 2 unless stated otherwise. All cell culture reagents were obtained from Invitrogen Inc.. The antibodies against influenza NP were purchased from Chemicon Inc. and the fluorescein-labeled secondary antibodies were from Sigma. Anti-WSN rabbit antibody was purified from sera of rabbits that were immunized with two injections of formalin-inactivated WSN33 and was used for immuno-detection and entry neutralization studies. Cell-Based Influenza Polymerase Assay. The plasmids for virus-inducible luciferase pLKOHArFlu and expression plasmid constructs pFluNP, pFluPB1, pFluPB2, pFluPA, for NP, PB1, PB2, and PA expressions (18) were used to transfect 293 cells. For the evaluation of the effects of the NP 52H mutation or the PB1 456P mutation on the RdRP activities, both the NP and the PB1 expressing plasmids were mutagenized employing QuikChange® II XL Site-Directed Mutagenesis Kit from Agilent Technologies using two primers: 5′-caccgaacttaaactcagtgatcatgagggacggc-3′ and 5′-gccgtccctcatgatcactgagtttaagttcggtg-3′ for NP mutagenesis and two primers 5′-tgtgaatgcacccaatcctgaagggattcaagccg-3′ and 5′-cggcttgaatcccttcaggattgggtgcattcaca-3′ for PB1 modification to generate pFluNP52H and pFluPB1456P that were used for the expression of mutant RdRP activities. After being cotransfected with five plasmids, each at 2 μg plasmid DNA, 293T cells were harvested 6 h later by trypsin and reseeded to 96-well plates at 10 4 cell per well in media added with inhibitors. After incubation for 24 h, the treated cells were assayed for the luciferase activities with BrightGlo® (Promega). Statistical analysis was performed using one-way ANOVA (Prism, Graphpad Software).
Selection, Isolation, and Characterization of Inhibitor-Resistant Influenza Viruses. MDCK cells were seeded in 6-well plates and infected with 500-1,000 pfu of parental WSN viruses. For the first selection cultures, the infected cells were treated with 0.3 μM of 788 (Nucleozin), 1075, 3061 (FA-2), or 1 μM of 367. After the appearance of cytopathic effects in MDCK cells, 3 μL of the conditioned media were taken to infect fresh MDCK cells for second selection cycle using media containing 1 μM of 788 (Nucleozin), 1075, 3061 (FA-2), or 3 μM of 367. Similarly, threefold higher compound concentrations were used for the third round of selection. Finally, at the fourth selection, 10 μM of 788 (Nucleozin), 1075, 3061 (FA-2) or 30 μM, or 367 were used for the selection of mutants resistant to these inhibitors. The resistant mutant viruses were plaque purified and the inhibitor resistances were confirmed by growth on agars containing varied inhibitor contents. The identified mutants resistant to 788 (Nucleozin), 3061 (FA-2), or 367 were sequenced to determine the presence of sequence alterations at the PA, PB1, PB2, and NP genes. Preparation of Isogenic Recombinant Influenza Viruses. The procedure to generate recombinant influenza viruses using eight cDNA plasmids (22) was used to produce recombinant influenza pairs isogenic either at the 52nd amino acid of NP or at the 456th amino acid of PB1. Briefly, 5 x 10 6 human 293 cells were seeded on 30% confluent MDCK cells in Opti-MEM (GIBCO). After an overnight incubation, the cocultured cells were transfected with 10 μg each of the eight plasmid DNA samples and in the presence of TransIT®-LT1 transfection reagent (Mirus Bio Corporation). The transfected cells were replaced with fresh medium after a day and further incubated for 4-5 d at which time the conditioned media were added into fresh MDCK cell cultures for 2 d followed by cloning of the rescued recombinant influenza viruses.
Other Assays Used for Inhibitor Evaluations. Standard antiviral assay using virus-induced cytopathic effects of MDCK cells was used to evaluate antiviral activities of compounds (23) unless otherwise described. The neuraminidase assay and quantitation of neuraminidase inhibitor strength were done as described (23) . The assay to measure the influenza entry was done using pseudotype virus HApp that was produced and assayed as described previously (24) . Cytotoxicity assay was performed with human 293T cells and analyzed using Cell-Titer Glo® (Promega) (23) .
